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Description
FIELD OF THE INVENTION

[0001] The invention relates to a gamma radiation detection device. The invention finds general application in the field
of medical imaging. More particularly the invention finds application in the fields of PET and in SPECT imaging and is
described with particular reference thereto.

BACKGROUND OF THE INVENTION

[0002] Inthefields of PET and SPECT imaging, aradiotracer is administered to a patient which is preferentially uptaken
by particular regions of the body. The radiotracer causes the emission of gamma photons which are detected by the
medical imaging system and used to generate images of the radiotracer’s spatial distribution. Such images may subse-
quently be interpreted by a physician in order to investigate the functioning of biological processes. The quality of these
images, particularly their signal to noise ratio, is desirably improved in order to assist in clinical diagnosis and is in part
dependent upon the sensitivity with which gamma photons are detected.

[0003] The detection of gamma photons is carried out by a gamma camera in a SPECT imaging system. A gamma
camera comprises one or more detector heads that are positioned to receive gamma photons from an imaging region.
Each head comprises one or more gamma photon detectors. In contrast to SPECT, in a PET imaging system gamma
photons are detected in pairs by modules of gamma photon detectors disposed radially about an imaging region. A
gamma photon detector is therefore a common feature in both SPECT and PET imaging systems and is defined herein
to comprise a scintillator element in optical communication with an optical detector. An optical detector is defined herein
to comprise an optical sensor that receives optical radiation and generates an electrical signal in response to said optical
radiation.

[0004] Ina gamma photon detector a scintillator element creates a pulse of scintillation light when struck by a gamma
photon. The associated optical detector subsequently converts the scintillation light into an electrical signal. In seeking
to maximize their image quality, imaging systems desirably use sensitive gamma photon detectors which efficiently
convert a received gamma photon’s energy into an electrical pulse. Maximizing this efficiency therefore demands that
the optical detector captures as much of the original scintillation light produced by the scintillator element as possible.

[0005] A further improvement is achieved in PET and SPECT imaging systems by improving the optical isolation
between neighboring gamma photon detectors. Such imaging systems typically have a densely packed arrangement of
gamma photon detectors in which light leakage between scintillator elements risks the misinterpretation of its source,
thereby degrading their spatial resolution.

[0006] Known methods for improving the capture of scintillation light by the optical detector in a radiation detector
include the wrapping of the scintillator element in for example PTFE tape. A small air gap between the PTFE tape and
the surface of the high refractive index scintillator element acts to retain scintillation light within the scintillator element
thatis incident to its surfaces at oblique incidence angles using total internal reflection. The PTFE tape operates to return
some of the scintillation light to the scintillator element whose incidence at near-normal incidence angles means that it
is not otherwise retained by total internal reflection.

[0007] Another method disclosed in patent application US5091650A involves the application of inwardly-reflecting
layers to the surfaces of the scintillator element other than those in optical communication with the optical detector.
These improve both the capture efficiency of scintillation light by the optical detector, and also the optical isolation
between neighboring scintillator elements.

[0008] In document Simulating Scintillator Light Collection using Measured Optical Reflectance SCH-TNS-
00249-2009.R1, Janecek et al discuss the need to accurately model the optical properties of reflecting layers applied
to scintillator elements in predicting the light collection from a scintillating crystal and furthermore disclose models for
reflecting layers such as Lumirror®, ESR film, Tyvek®, and TiO paint.

[0009] Patent application WO2012/153223 discloses to mitigate light trapping in a scintillator crystal by roughening at
least one side of a plurality of pre-formed polished scintillator crystals, and further to apply a specular reflector material
to the roughened crystals which are arranged in an array.

[0010] US patent US6369390B1 discloses a scintillation camera crystal having a plurality of light scattering holes in
the crystal extending toward the photo-sensor and communicating with at least one surface of the crystal. The crystal
is formed from a first material and the holes include a second material differing from the first material for deflecting the
light generated by the scintillation crystal in response to incident gamma rays and reducing the spread of the generated
light.

[0011] In the gamma photon detectors described above, whilst the use of inwardly-reflecting layers improves the
capture efficiency of scintillation light by the optical detector, much of the scintillation light is still not captured by the
associated optical detector. This degrades the gamma photon detector’s signal to noise ratio and furthermore degrades
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the image quality of SPECT and PET imaging systems employing such detectors. Consequently a need exists to improve
a gamma photon detector’s sensitivity.

SUMMARY OF THE INVENTION

[0012] Itis an object of the invention to provide a gamma radiation detection device with improved sensitivity.
[0013] This object is achieved by a gamma radiation detection device according to claim 1. The optical detector is in
optical communication with the scintillator element, and a plurality of particles or voids are dispersed in the scintillator
element. Optical scattering introduced by the particles or voids improves the proportion of scintillation light detected by
the optical detector, thereby improving the sensitivity of the gamma radiation detection device.

[0014] The inventors have found that the sensitivity of gamma radiation detection devices is restricted by the trapping
of scintillation light within the lossy scintillator element. Scintillation light is trapped by multiple reflections within the
scintillator element where it is consequently absorbed, preventing its detection by the associated optical detector. Such
scintillator elements are conventionally surrounded by an air medium. Total internal reflection at the scintillator element-
to-air interfaces of the high refractive index scintillator element is used to retain obliquely-incident scintillation light within
the scintillator element. However such specular reflections can lead to long optical paths within the scintillator element
and consequently significant absorption therein. Optical photons which perform a straight-edged spiral trajectory within
the scintillator element are particularly affected by such absorption. In another configuration, inwardly-reflecting layers
are applied to the surfaces of the scintillator element and an air gap is disposed between the inwardly-reflecting layer
and the surface of the scintillator element. The air gap again serves to retain light that is incident at oblique incidence
angles by total internal reflection, and the inwardly-reflecting layers serve to retain light that is at near-normal incidence
to the scintillator surfaces. The inwardly-reflecting layers greatly improve the proportion of light retained in the scintillator
element, however a significant loss occurs within the scintillator element for optical paths having near-normal incidence
to the scintillator element’s surfaces. Such near-normal incident light may also become trapped by multiple reflections
in the optical cavity formed by the air gaps and the scintillator element between the reflecting layers where again the
resultinglong path lengths lead to significant absorption. Optical photons trapped by these processes have been simulated
to undergo absorption following hundreds or thousands of reflections.

[0015] In the present invention the optical scattering deliberately introduced by the particles or voids acts to prevent
such multiple reflections from occurring. Such particles or voids would normally be deliberately excluded from a scintillator
element because optical scatter is conventionally considered to impede the propagation of scintillation light and is
therefore preferably avoided. Even in the absence of any additional reflecting layers, the scattering introduced by the
particles or voids randomly alters the direction of travel of the scintillation light, preventing such losses from building up
through multiple reflections in the scintillator element. In the presence of additional reflecting layers, even greater benefits
are observed.

[0016] Particles that are deliberately dispersed in the scintillator element in accordance with the invention differ from
dopants which may be presentin the scintillator material in that a dopant is introduced into the host matrix of the scintillator
on an atomic level and consequently occupies a lattice site. The introduced particles by contrast occupy macroscopic
spaces in the scintillator element. Voids are conventionally intentionally removed from scintillator elements by sintering.
[0017] In accordance with one aspect of the invention the ratio of the scatter coefficient to the absorption coefficient
in the scintillator element is in the range 0.5 to 1000. Such a range leads to an improvement in the sensitivity of the
gamma radiation detection device.

[0018] In accordance with another aspect of the invention the particles or voids are dimensioned so as to efficiently
scatter scintillation light travelling within the scintillator element. Effective scattering is provided by particles or void sizes
having a dimension that is small compared to, or comparable to the wavelength of the scintillation light. Conventionally,
scintillator elements have a characteristic emission spectrum close to the visible wavelength region and consequently
useful scattering is observed for particles or voids having an average diameter in the range 50 nanometres to 1000
nanometres. By further narrowing the range to 100 nanometres to 500 nanometres even more effective scattering is
observed and consequently the optical detector’s scintillation light capture efficiency is even further improved.

[0019] In accordance with another aspect of the invention the scintillator element has a characteristic optical emission
spectrum and the ratio of the refractive index of the scintillator element to the refractive index of the particles or voids
exceeds 1.2 at a wavelength within the optical emission spectrum of the scintillator element. Such a refractive index
ratio provides useful scattering of the scintillation light, and improved scattering is obtained when this ratio is increased.
In accordance with another aspect of the invention the particles are at least one of the following: Al,O particles, SiO,
particles, MgO, particles. Such particles may be readily incorporated in scintillator materials and advantageously lead
to useful scattering. The use of a combination of such particles is also envisaged.

[0020] In accordance with another aspect of the invention the voids are filled with one of the following: a gas, air, a
fluid. Alternatively the voids may be completely empty and thus evacuated. The filling of the voids in this way may
advantageously be used to modify their refractive index and thereby improve the scattering.
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[0021] In accordance with another aspect of the invention the optical detector is in optical communication with the
scintillator element by means of a detector optical interface and the gamma radiation detection device further comprises
at least one reflecting layer. The at least one reflecting layer is in optical communication by means of an air gap with at
least a portion of at least one surface of the scintillator element other than the detector optical interface. Whilst the
particles or voids in the scintillator element have a beneficial effect in a gamma radiation detector in the absence of such
a reflecting layer; light being guided by total internal reflection within the high refractive index scintillator element; the
addition of the at least one reflecting layer with an air gap disposed between the reflecting layer and the surface of the
scintillator element improves the reflectance of near-normally incident scintillation light in particular. The reflecting layer
acts to return some of the near-normally incident light to the scintillator element, thereby improving the optical detector’s
scintillation light capture efficiency. Furthermore, the probability of light escaping to nearby scintillation elements is also
reduced. This reduces the risk of the scintillation light cross-coupling to a nearby scintillator element where its detection
risks misinterpretation as to its source. The reduction in cross-coupling of scintillation light is particularly beneficial in for
example a PET imaging system in which it both improves the spatial resolution of the resulting image and the signal to
noise ratio. The reflecting layer may be a specular reflecting layer or a diffuse reflecting layer or a plurality of such layers
disposed side by side on a surface. Both types of reflecting layers operate to return some of the incident light to the
scintillator element. The air gap preferably has a thickness exceeding 100 nanometres and is disposed between the at
least one reflecting layer and a surface of the scintillator element. The air gap advantageously improves the reflectance
of scintillation light at oblique incidence angles and thereby improves its retention within the scintillator element and
consequently improves the sensitivity of the gamma radiation detector. The at least one reflecting layer may be formed
as a film, for example through deposition of reflecting materials such as metals on a polymer carrier layer, and may
further be applied by means of wrapping around the scintillator element. Such a wrapping process inherently provides
a suitable air gap between the reflecting layer and the surface of the scintillator element.

[0022] The atleastone reflecting layer may be for example a metal layer, PTFE, Teflon, Lumirror®, Enhanced Specular
Reflector (ESR) film, Tyvek® or TiO. Suitable metals include silver and aluminium, and the metal may be disposed on
a polymer film in order to permit its wrapping around the scintillator element. These materials have an inherently high
reflectivity at the typically visible wavelengths of scintillation light produced by the scintillator element. The sensitivity of
the radiation detector maybe further optimized by improving the reflectivity of these materials in this spectral region. The
range of scintillation light wavelengths contemplated by this aspect of the invention extends from the UV to the far
infrared. Clearly the reflecting layer should not be located at the interface with the optical detector. Advantageously the
detector optical interface may include an antireflection layer having low reflectance at the scintillation light wavelengths
in order to improve the transmission of scintillation light between the scintillator element and the optical detector.
[0023] In accordance with another aspect of the invention the at least one reflecting layer comprises a first diffuse
reflecting layer and a second specular reflecting layer; wherein the first diffuse reflecting layer is more proximal to the
scintillator element than the second specular reflecting layer. Such a construction initially provides diffuse reflection for
scintillation light that traverses the air gap, and subsequently specular reflection for scintillation light transmitted by the
first diffuse reflecting layer. Advantageously the first diffuse reflecting layer increases the scattering in the scintillator
element, thereby improving the sensitivity of the gamma photon detector in the same manner as that described for the
scattering by particles or voids dispersed in the scintillator element. The second specular reflecting layer further improves
the sensitivity by returning some of the transmitted light to the scintillator element, and also reduces the cross-coupling
of scintillation light to neighboring scintillator elements.

[0024] The first and second reflecting layers may exemplarily be applied by means of wrapping a layer around the
scintillator element. Such a process inherently provides a suitable air gap between the surface of the scintillator element
and the combination of the firstand second layers. The layers may be formed as a film, for example through the successive
deposition of the two layers on a polymer carrier, or the layers may be formed separately and wrapped in succession.
[0025] In accordance with the invention the scintillator element has a ceramic structure. Advantageously a wide range
of both materials for and sizes of scattering particles and voids may be incorporated into such a ceramic structure.
Suitable ceramic scintillator materials include for example garnets, oxysulfides or other oxydic scintillator materials. The
oxysulfide may for example be a rare earth oxysulfide. Suitable scattering particles for use in ceramic scintillator elements
include Al,O5, SiO, and MgO,. An example technique for incorporating scattering particles of Al,O5 into ceramics is
disclosed in WO2006097876 in relation to Light Emitting Diodes (LEDs) in which Al,O5 is incorporated as a second
phase into a garnet phase when the two are in thermodynamic equilibrium in order to increase optical scattering.
[0026] In accordance with another aspect of the invention the scintillator element has a porous ceramic structure. The
pores in the ceramic structure can be advantageously used to provide the voids for scattering the scintillation light. An
example technique for incorporating pores into ceramic material is described in patent application WO2009090580A1
which relates to LEDs. WO2009090580A1 discloses the incorporation of pores into ceramic material by the inclusion of
suitably sized polymeric particles, such as polystyrene or polyacrylate, at the slurry stage in the formation of a ceramic.
Upon sintering, the polymeric particles are removed, leaving a porous structure with the desired pore size.

[0027] In accordance with another aspect of the invention the optical detector in the gamma radiation detection device
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is either a photomultiplier tube (PMT) detector or a solid state semiconductor optical detector. A PMT detector has a
fast response time which makes them suitable for the detection of the scintillation light resulting from radiation events
with high sensitivity. A solid state semiconductor optical detector, defined herein as an optical detector produced using
monolithic processes in semiconductor materials, has both a fast response time and can be made in smaller dimensions
than a PMT. Consequently a solid state semiconductor optical detector can be used to produce a smallergamma radiation
detection device. Suitable semiconductor detectors include for example photodiodes, avalanche photodiodes, silicon
photomultipliers (SiPM) and single photon avalanche diodes (SPADs).

[0028] In accordance with another aspect of the invention a method for the manufacture of a scintillator element for
use in a gamma radiation detection device is provided according to claim 10. Such a method provides a controllable
void size and consequently controllable scattering in the scintillator element.

[0029] In accordance with another aspect of the invention, a PET or SPECT imaging system having an imaging region
comprises a plurality of gamma radiation detection devices. The plurality of gamma radiation detection devices are
disposed about the imaging region and configured to receive radiation quanta from the imaging region. In a PET imaging
system the gamma radiation detection devices are so configured by disposing them radially about the imaging region.
In a SPECT imaging system the gamma radiation detection devices are so configured by arranging them as a planar
array with a gamma photon receiving surface facing the imaging region. The use of the radiation detection devices
advantageously improves the imaging system image quality by virtue of their improved signal to noise ratio. In such a
PET imaging system, electrical signals generated by the radiation detection devices may be further processed in order
to identify coincident pairs of radiation quanta received within a predetermined time interval of each other. Further data
processing may be used to reconstruct the coincident pairs into an image indicative of the distribution of the radiation
source in the imaging region. In SPECT imaging the electrical signals generated by the radiation detection devices may
be further processed in order to reconstruct such an image based on the trajectory of the received gamma photons.
[0030] In accordance with another aspect of the invention a method of detecting gamma photons according to claim
12 is disclosed. The method comprises the steps of receiving at least one gamma photon with the gamma radiation
detection device and generating an electrical output from the optical detector in response to the reception of the at least
one gamma photon. Other method steps disclosed in accordance with the invention may further be included within the
method.

BRIEF DESCRIPTION OF THE FIGURES
[0031]

Figure 1 illustrates an exemplary gamma radiation detection device in accordance with certain aspects of the in-
vention.

Figure 2 illustrates a Monte-Carlo simulation of the signal captured by an optical detector from a scintillator element
as a function of the ratio of the scatter coefficient to absorption coefficient in the scintillator element, denoted factor B.
Figure 3 illustrates an exemplary gamma radiation detection device in accordance with an embodiment of the
invention which includes a reflecting layer and an air gap.

Figure 4 illustrates an exemplary gamma radiation detection device in accordance with an embodiment of the
invention which includes a first diffuse reflecting layer and a second specular reflecting layer and an air gap.
Figure 5 illustrates an exemplary PET imaging system in accordance with certain aspects of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0032] In order to provide a gamma radiation detection device with improved sensitivity a scintillator element in optical
communication with an optical detector is provided. A plurality of particles or voids are dispersed in the scintillator element.
As described above, the sensitivity of the gamma radiation detection device is improved by the particles or voids which
scatter scintillation light within the scintillator element. The scattering reduces the opportunity for light to undergo multiple
reflections within the lossy scintillator element which would otherwise degrade the optical detector’s scintillation light
capture efficiency.

[0033] The gamma radiation detection device is now described with reference to an exemplary application of PET
imaging. It is however to be understood that the gamma radiation detection device is not restricted to this example and
finds application in other types of gamma radiation detection systems including a SPECT imaging system.

[0034] Figure 1 illustrates an exemplary gamma radiation detection device in accordance with certain aspects of the
invention. In a first embodiment of the invention illustrated in Figure 1, gamma radiation detection device 1 comprises
scintillator element 2 in optical communication with optical detector 3 by means of detector optical interface 4. A plurality
of particles or voids 5 are dispersed in the scintillator element 2.

[0035] In operation, the capture of radiation quant 6, such as a gamma photon, by scintillator element 2 results in the
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generation of scintillation light 7 comprising a plurality of optical photons having wavelengths within a characteristic
optical emission spectrum of scintillator element 2. Typically the energies of the optical photons are much smaller than
that of the captured radiation quant 6 and thus the scintillation light may comprise wavelengths from the UV through the
visible to the infrared region. In typical scintillator materials the peak of the characteristic optical emission spectrum of
scintillator element 2 is in the visible wavelength region.

[0036] Total internal reflection occurs within a medium when it has an interface with another medium having a lower
refractive index and when the incidence angle exceeds a critical angle. Typical scintillator elements have a high refractive
index. LYSO, for example has a refractive index of 1.82 at the near-green peak of its optical emission spectrum, and
when surrounded by an air medium with a refractive index of unity, has a critical angle of 33 degrees.

[0037] Returning to Figure 1, scintillation light 7 incident at the surfaces of scintillator element 2 with a larger incidence
angle than the critical angle therefore undergoes total internal reflection. In typical scintillator elements such as LYSO
the small critical angle is sufficient to retain a proportion of the scintillation light until it is detected by optical detector 3.
Thus scintillation light 7 generated within scintillator element 2 as a result of the capture of radiation quant 6 undergoes
a combination of scattering by particles or voids 5, and total internal reflection by the surfaces of scintillator element 2
other than detector optical interface 4 until it is captured by optical detector 3, where it results in an electrical signal at
optical detector output 8 indicative of the capture of radiation quant 6. Advantageously detector optical interface 4 may
include an antireflection layer having a low reflectance at wavelengths within the characteristic optical emission spectrum
of scintillator element 2 in order to improve the transmission of scintillation light between the scintillator element and the
optical detector and thereby further improve the optical detector’s scintillation light capture efficiency. The electrical
signal at optical detector output 8 may subsequently be processed by electronic circuitry. Radiation quant 6 may be for
example a gamma photon, and may be one of a pair of oppositely-directed gamma photons formed as a consequence
of a positron annihilation event following radioactive decay. The source of the radioactive decay may for example be a
radiotracer.

[0038] Scintillator elements such as scintillator element 2 illustrated in Figure 1 are typically formed from either crys-
talline materials, such as LYSO, LaBr;, GSO and BGO or more recently ceramic materials such as garnets have been
proposed for such use.

[0039] Inapreferred embodimentthe scintillator elementis a ceramic material owing to the relative ease ofincorporating
particles or voids. When ceramic structures are used, various methods may be used to disperse the particles or voids
in the scintillator element. When particles are used, suitable particle materials include for example Al,O5, SiO, or MgO,
particles. Patent application WO2006/097876A1 which relates to Light Emitting Diodes (LEDs) describes a suitable
method forincorporating Al203 particles into a ceramic garnetin which an Al203 second phase which is in thermodynamic
equilibrium with the garnet phase can be used to increase scatter. Particles may be introduced into a scintillator element
for use in gamma radiation detection by the steps of providing a slurry comprising a ceramic material and alumina
particles; forming a ceramic body from the slurry using methods such as pressing, slip casting, tape casting, roller
pressing, extrusion or injection moulding; and by applying a thermal treatment, optionally in combination with hot isostatic
pressing. When voids are used, the porosity of ceramic structures can be controlled by adding templates to the green
material as described in patent application WO2009090580A1 which relates to LEDs. WO2009090580A1 discloses the
incorporation of pores into ceramic materials by the addition of suitably sized polymeric inclusions at the slurry stage in
the formation of a ceramic. Upon sintering, the polymeric inclusions are removed, leaving a porous structure with the
desired pore size. A porous scintillator element for use in the detection of gamma radiation may be fabricated by providing
a slurry comprising a ceramic material and polymeric inclusions. The polymeric inclusions may for example be polystyrene
or polyacrylate and have a diameter in the range of the desired voids. A ceramic body is then formed from the slurry.
Methods such as pressing, slip casting, tape casting, roller pressing, extrusion or injection moulding may be used to
form the ceramic body. Subsequently the polymeric inclusions are removed from the ceramic body to provide a porous
ceramic element. The inclusions are removed by subjecting the ceramic body to a thermal treatment. The polymeric
inclusions are removed by decomposition or oxidation as a result of the thermal treatment, hence they essentially
disappear from the ceramic body leaving voids in their place. Typically the thermal treatmentis performed at a temperature
up to 1000 °C, and preferably at a temperature up to 500 °C dependent upon the decomposition or oxidation temperature
of the polymer used. A further thermal treatment stage may also be performed at a temperature above 1000 °C, for
example at up to 1700 °C in order to densify the porous ceramic. It is noted that the voids may in general subsequently
be fluid-filled, gas-filled, air-filled, or completely empty wherein the voids have any gas drawn out under vacuum.
[0040] When scintillator elements having a crystalline structure are used, voids may be dispersed in the scintillator
element by for example the generation of laser-induced damage.

[0041] Desirably the particles or voids are dimensioned so as to efficiently scatter scintillation light travelling within the
scintillator element. In a preferred embodiment this is achieved by arranging that the average diameter of the particles
or voids is in the range 50 nanometres to 1000 nanometres. By further narrowing the range to 100 nanometres to 500
nanometres even more effective scattering is observed and consequently the optical detector’s scintillation light capture
efficiency is even further improved.
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[0042] The term "diameter" used in relation to the particles and voids in the present invention is to be interpreted as
synonymous with the commonly accepted term "volume diameter"; whose definition as "the diameter of a sphere having
the same volume as the particle" may be found in textbooks such as the Handbook of Fluidization and Fluid-Particle
Systems, CRC Press 2003, Ed. YANG, Wen-Ching, ISBN: 0-8247-0259-X. Thus, the particles or voids are to be inter-
preted as having a shape that may differ from that of a perfect sphere, as would be expected from either the Al,O5, SiO,
or MgO, particles described above, or as a result of using the polymeric inclusions in the fabrication process described
above.

[0043] The ratio of the refractive index of the scintillator element 2 to that of the particles or voids 5 at a wavelength
within the optical emission spectrum of the scintillator element may also be used to control the strength of the scattering
of scintillation light. Any ratio exceeding unity will provide some useful scattering, and particles or voids 5 inherently have
a refractive index that is different to that of scintillator element 2. In a preferred embodiment the ratio of the refractive
index of the scintillator element to the refractive index of the particles or voids exceeds 1.2 at a wavelength within the
optical emission spectrum of the scintillator element. Such a refractive index ratio provides enhanced scattering of the
scintillation light, and even further enhanced scattering is obtained when this ratio is further increased. In one example
the particles are SiO, particles with a refractive index of 1.45 and the scintillator element is LYSO with a refractive index
of 1.82 which results in an above ratio of approximately 1.2. In another example the voids are air-filled voids with a
refractive index of unity and the scintillator element is LYSO with a refractive index of 1.82 which results in an above
ratio of 1.82. Higher ratios are also achievable by for example using a scintillator element with a higher refractive index.
Lower ratios may likewise be achieved. The wavelength at which the refractive index is defined may be any wavelength
within the optical emission spectrum, such as for example the wavelength of the peak of the optical emission spectrum
of the scintillator element.

[0044] Whilst the invention is not limited to the disclosed example refractive indices, it is generally noted that small
values of the above ratio lead to less effective scattering, and that scattering is improved by making the ratio as large
as possible. The refractive index may also be controlled by filing the pores or voids with a fluid having a particular
refractive index. In one example, the voids are filled with air having a refractive index of approximately unity. In this way
scattering in scintillator element 2 may be further controlled in order to improve the optical detector’s scintillation light
capture efficiency.

[0045] In order to demonstrate the benefit of the invention, Figure 2 illustrates a Monte-Carlo simulation of the signal
captured by an optical detector from a scintillator element as a function of the ratio of the scatter coefficient to absorption
coefficient in the scintillator element, denoted factor B. The lower curve illustrates the operation according to the first
embodiment of the invention illustrated in Figure 1 in which no additional reflectors are used on the scintillator element.
The upper curve illustrates the operation according to a second embodiment of the invention illustrated in Figure 3 in
which an additional reflector layer is applied to the scintillator element.

[0046] The captured signal plotted on the vertical axis of Figure 2 initially increases gradually from a baseline level as
the ratio of scatter coefficient to absorption coefficient is increased. In the absence of a reflector, thus for the lower curve,
a more pronounced benefitis seen when this ratio exceeds approximately 0.5, and when the ratio exceeds approximately
10 the captured signal falls below its initial baseline value. In the presence of a reflector, thus for the upper curve, the
captured signal initially increases and starts to decrease when the ratio of scatter coefficient to absorption coefficient
exceeds approximately 50, subsequently falling below its initial reference value beyond the maximum plotted range of
1000. In general for both curves the optical detector’s scintillation light capture efficiency is acceptable when the ratio
of scatter coefficient to absorption coefficient is in the range 0.5 to 1000. In general for both curves the optical detector’s
scintillation light capture efficiency is highest when the ratio of scatter coefficient to absorption coefficient is in the range
1to 100. In the presence of a reflector, the highest optical detector scintillation light capture efficiency is achieved when
the ratio is in the range 10 to 100.

[0047] Factor B plotted along the horizontal axis of Figure 2, thus the ratio of scatter coefficient to absorption coefficient
in the scintillator element, can be quantified according to the following procedure. The absorption coefficientis determined
by a transmission measurement for a scintillator element at a wavelength within the scintillation light emission spectrum.
The measured transmission (T), corrected for reflection at the entrance and exit side of the optical path, is determined
by an exponential decay law governed by the product of the absorption coefficient (a,,,s) and the length (L) of the
scintillator element and is represented by Equation 1 below. It is noted that the units of the absorption coefficient (o5s)
and the length (L) are typically cm™! and cm respectively.

T = g-aabs'L Equation 1

[0048] The scatter coefficient is defined herein as the product of the volume concentration of scattering particles or
voids and the cross sectional area of a particle or void as an average for all particles or voids. As an example, spherical
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voids having an average diameter of 50 nanometres each have an average cross sectional area of 1963 nm2, thus
approximately 2000 nmZ2. A volume concentration of 1010 such voids per cm3 results in a scatter coefficient of 0.2 cm-"
which is determined by calculating the product of these two numbers. The ratio of scatter coefficient to absorption
coefficient defined above has no units; and can thus be computed when both the absorption coefficient and the scatter
coefficient are measured in the same units, such as cm-1. Voids with a diameter of 200 nanometres and the same volume
concentration would have a scattering coefficient of 3.2 cm-1, and so on.

[0049] According to a second embodiment of the invention the optical detector is in optical communication with the
scintillator element by means of a detector optical interface and the gamma radiation detection device further comprises
at least one reflecting layer. The at least one reflecting layer is in optical communication by means of an air gap with at
least a portion of at least one surface of the scintillator element other than the detector optical interface. The reflecting
layer is an inwardly-reflecting layer which operates so as to return some of the light that is incident on the surfaces of
the scintillator element, specifically the surfaces other than the detector optical interface, back into the scintillator element.
It is noted that the reflecting layer may be either a specular reflecting layer or a diffuse reflecting layer.

[0050] Figure 3 illustrates an exemplary gamma radiation detection device in accordance with an embodiment of the
invention which includes a reflecting layer and an air gap. In Figure 3, reflecting layer 10 is in optical communication
with all surfaces of scintillator element 2 other than detector optical interface 4 by means of an air gap 9. Whilst reflecting
layer 10 is illustrated as covering all surfaces of scintillator element 2 other than detector optical interface 4, this need
not be the case since some benefit in improved sensitivity will be achieved by covering a portion of one or more surfaces
of scintillator element 2 in this way. The covering of all such surfaces is however preferable in order to improve the
optical detector’s scintillation light capture efficiency. As described above, reflecting layer 10 maybe a specular reflecting
layer or a diffuse reflecting layer since both operate so as to return some of the incident light back into scintillator element
2. Suitable materials for the reflecting layer include for example: metals, PTFE, Teflon, Lumirror®, ESR film, Tyvek®,
TiO. Suitable methods for applying such layers are known to those skilled in the art and include the wrapping of a film
comprising such a reflective layer around the scintillator element. The air gap preferably has a thickness exceeding 100
nanometres and is disposed between reflecting layer 10 and at least a portion of at least one surface of scintillator
element 2.

[0051] In operation, scintillation light 7 generated within scintillator element 2 undergoes a combination of scattering
and total internal reflection until it reaches optical detector 3 where it is detected as an electrical signal at optical detector
output 8. Scintillation light 7 reaching a surface having air gap 9 will undergo total internal reflection if its incidence angle
exceeds the critical angle. If its incidence angle does not exceed the critical angle then it will be transmitted by air gap
9 until it reaches reflecting layer 10. Such light reaching reflecting layer 10 is reflected such that some of the light is
redirected back into scintillator element 2. When within scintillator element 2, scintillation light 7 may undergo these
processes several times until it is detected by optical detector 3. By reducing the trapping of light in lossy regions where
multiple reflections occur, the optical detector’s scintillation light capture efficiency is improved, thereby improving the
sensitivity of the gamma radiation detection device 1.

[0052] Figure 4 illustrates an exemplary gamma radiation detection device in accordance with an embodiment of the
invention which includes a first diffuse reflecting layer and a second specular reflecting layer and an air gap. In accordance
with this third embodiment of the invention the first diffuse reflecting layer 11 is more proximal to scintillator element 2
than second specular reflecting layer 12. In Figure 4 reflecting layers 11 and 12 are illustrated as being in optical
communication with all surfaces of scintillator element 2 other than detector optical interface 4 by means of an air gap
9. As with the second embodiment, whilst the reflecting layer 10 is illustrated as covering on all surfaces of scintillator
element 2 other than detector optical interface 4, this is preferably the case but is not essential since some benefit will
be achieved by covering a portion of one or more surfaces of scintillator element 2 in this way.

[0053] In operation, scintillation light 7 generated within scintillator element 2 in Figure 4 undergoes a combination of
scattering and total internal reflection until it reaches optical detector 3 where it is detected as an electrical signal at
optical detector output 8. Scintillation light 7 reaching a surface having air gap 9 will undergo total internal reflection if
its incidence angle exceeds the critical angle. Ifits incidence angle does not exceed the critical angle then itis transmitted
by the air gap until it reaches first diffuse reflecting layer 11. Such light reaching first diffuse reflecting layer 11 is scattered
such that much of the light is redirected back into scintillator element 2. A proportion of the light transmitted by first diffuse
reflecting layer 11 is transmitted to second specular reflecting layer 12 where it undergoes specular reflection and is
returned back through first diffuse reflecting layer 11 to scintillator element 2. When within scintillator element 2, scintil-
lation light 7 may undergo these processes several times until it is detected by optical detector 3. By reducing the trapping
of light in lossy regions where multiple reflections occur, the optical detector’s scintillation light capture efficiency is
improved, thereby improving the sensitivity of gamma radiation detection device 1.

[0054] Suitable layer materials for the first diffuse reflecting layer 11 include for example TiO, PTFE and Teflon. Suitable
layer materials for the second specular reflecting layer 12 include for example metals, Lumirror®, ESR film and Tyvek®.
[0055] Figure 5illustrates an exemplary PET imaging system in accordance with certain aspects of the invention. The
exemplary gamma radiation detection device 1 of Figure 1, or that of Figure 3, or that of Figure 4 may for example be
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used in the system illustrated in Figure 5. In Figure 5, PET imaging system 20 comprises a plurality of gamma radiation
detection devices 1, 21 disposed radially about imaging region 22 in order to receive gamma radiation, otherwise known
as gamma photons, from imaging region 22. The plurality of gamma radiation detection devices each produce electrical
signals indicative of the capture of gamma photons, and the electrical signals are received by coincidence determination
unit 23 by means of bus 24, 25. The gamma photons may be a pair of oppositely-directed gamma photons 6, 26 formed
as a consequence of an annihilation event following radioactive decay wherein the radioactive decay produces a positron
that is annihilated by an electron. Coincidence determination unit 23 assesses the time of capture of each of the gamma
photons represented by the electrical pulses and sorts the gamma photons into pairs of coincident events captured
within a narrow time interval of each other. The time interval is typically +/-5 ns in PET. The coincidence determination
unit may further analyze the energy associated with each captured gamma photon and deem two gamma photons as
coincident if they both occur within a narrow time interval as well as have energies within a narrow energy window,
typically within +/- 10% of the peak gamma photon energy. Coincidence determination unit 23 is in communication with
reconstruction processor 27 which constructs a line of response for each pair of captured gamma photons deemed
coincident and further processes multiple such lines of response in order to reconstruct data representative of an image
of the originating positions of the captured gamma photons deemed coincident by coincidence determination unit 23.
Reconstruction processor 27 may use techniques such as iterative reconstruction and filtered backprojection. Recon-
struction processor 27 is in further communication with image processing unit 28 which is configured to process the data
representing the originating positions of the coincident gamma photons into a format suitable for presenting an image
on an output device. Image processing unit 28 is in further communication with an output device 29 for presenting the
image, such as a display, a printer and the like.

[0056] When in use, a portion of a subject to be imaged, such as portion of a human or animal body is positioned in
imaging region 22 of the exemplary PET imaging system in Figure 5. The portion may be a region or an organ within
the subject in which it is desired to measure the uptake of a radiotracer. Prior to the positioning of the portion in imaging
region 22, a radiotracer may be administered to the subject, and an uptake period may be permitted to lapse prior to
the commencement of imaging. During the imaging process the plurality of gamma radiation detection devices 1, 21
capture gamma photons resulting from radioactive decay events within imaging region 22, such as from the decay of a
radiotracer administered to a subject. Following the imaging process the PET imaging system produces an image
indicative of the distribution of the radiotracer within the portion of the subject.

[0057] To summarize, a gamma radiation detection device comprising a scintillator element and an optical detector
has been described with reference to a PET imaging system. The gamma radiation detection device also finds application
in a SPECT imaging system. A plurality of particles or voids dispersed in the scintillator element scatter scintillation light
in order to reduce the trapping of light by multiple reflections in the scintillator element, thereby improving the sensitivity
of the radiation detection device.

[0058] Whilst the invention has beenillustrated and described in detail in the drawings and foregoing description, such
illustrations and description are to be considered illustrative or exemplary and not restrictive; the invention is not limited
to the disclosed embodiments and can be used in the detection of gamma radiation in various gamma radiation detection
systems.

Claims
1. A gamma radiation detection device (1) comprising:

a scintillator element (2) having a ceramic structure;

an optical detector (3) in optical communication with the scintillator element (2);

a plurality of particles or voids (5) dispersed in the scintillator element (2) wherein the average volume diameter
of the particles or voids (5) is in the range 50 nanometres to 1000 nanometres, and

wherein the particles (5) are at least one of the following: Al,O particles, SiO, particles, MgO, particles.

2. A gamma radiation detection device (1) according to claim 1 wherein the ratio of the scatter coefficient to the
absorption coefficient in the scintillator element is in the range 0.5 to 1000.

3. A gammaradiation detection device (1) according to claim 1 wherein the scintillator element (2) has a characteristic
optical emission spectrum and the ratio of the refractive index of the scintillator element (2) to the refractive index
of the particles or
voids (5) exceeds 1.2 at a wavelength within the optical emission spectrum of the scintillator element.

4. A gamma radiation detection device (1) according to claim 1 wherein the voids (5) are filled with one of the following:
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a gas, air, a fluid.

5. A gamma radiation detection device (1) according to claim 1 wherein the optical detector (3) is in optical communi-
cation with the scintillator element (2) by means of a detector optical interface (4); the gamma radiation detection
device (1) further comprising at least one reflecting layer (10, 11, 12);
wherein the at least one reflecting layer (10, 11, 12) is in optical communication by means of an air gap (9) with at
least a portion of at least one surface of the scintillator element (2) other than the detector optical interface (4).

6. A gamma radiation detection device (1) according to claim 5 wherein the at least one reflecting layer comprises a
first diffuse reflecting layer (11) and a second specular reflecting layer (12);
wherein the first diffuse reflecting layer (11) is more proximal to the scintillator element (2) than the second specular
reflecting layer (12).

7. A gamma radiation detection device (1) according to any one of claims 1 - 4 wherein the scintillator element (2) has
a porous ceramic structure.

8. A gamma radiation detection device (1) according to claim 1 or 7 wherein the scintillator element (2) is formed from
at least one of the following material groups: garnets, oxysulfides, oxydic materials.

9. A gamma radiation detection device (1) according to any one of claims 1 - 8 wherein the optical detector (3) is either
a photomultiplier tube (PMT) detector or a solid state semiconductor optical detector.

10. A method for the manufacture of a scintillator element (2) for use in a gamma radiation detection device (1); the
scintillator element (2) having a plurality of voids (5) dispersed in the scintillator element (2); the method comprising
the steps of:

providing a slurry comprising a ceramic material and polymeric inclusions;

forming a ceramic body from the slurry; and

removing the polymeric inclusions from the ceramic body by subjecting the ceramic body to a thermal treatment
to provide a porous scintillator element having a ceramic structure with voids dispersed therein, wherein the
average volume diameter of the voids (5) is in the range 50 nanometres to 1000 nanometres.

11. APET or SPECT imaging system having an imaging region and comprising a plurality of gamma radiation detection
devices (1) according to any one of claims 1 - 9; wherein the plurality of gamma radiation detection devices (1) are
disposed about the imaging region and configured to receive radiation quanta from the imaging region.

12. A method of detecting gamma photons; the method comprising the steps of:

receiving at least one gamma photon with the gamma radiation detection device (1) according to claim 1; and
generating an electrical output from the optical detector in response to the reception of the at least one gamma
photon.

Patentanspriiche

1. Gammastrahlungs-Detektionsvorrichtung (1), die Folgendes umfasst:

ein Szintillatorelement (2) mit einer Keramikstruktur;

einen optischen Detektor (3) in optischer Kommunikation mit dem Szintillatorelement (2);

eine Vielzahl von Partikeln oder Hohlrdumen (5), die in dem Szintillatorelement (2) dispergiert sind,

wobei der durchschnittliche Volumendurchmesser der Teilchen oder Hohlrdume (5) im Bereich von 50 Nano-
meter bis 1000 Nanometer liegt, und

wobei die Partikel (5) mindestens eines der Folgenden sind: Al,O5-Produkte, SiO,-Produkte, MgO,-Produkte.

2. Gammastrahlungs-Detektionsvorrichtung (1) nach Anspruch 1, wobei das Verhaltnis des Streukoeffizienten zum
Absorptionskoeffizienten im Szintillatorelement im Bereich von 0,5 bis 1000 liegt.

3. Gammastrahlungs-Detektionsvorrichtung (1) nach Anspruch 1, wobei das Szintillatorelement (2) ein charakteristi-
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sches optisches Emissionsspektrum und das Verhaltnis des Brechungsindex des Szintillatorelements (2) zum Bre-
chungsindex der Teilchen oder Hohlrdume (5) 1,2 lbersteigt bei einer Wellenlange innerhalb des optischen Emis-
sionsspektrums des Szintillatorelements.

Gammastrahlungs-Detektionsvorrichtung (1) nach Anspruch 1, wobei die Hohlrdume (5) mit einem der folgenden
Elemente gefilllt sind: einem Gas, Luft, einer Flissigkeit.

Gammastrahlungs-Detektionsvorrichtung (1) nach Anspruch 1, wobei der optische Detektor (3) mittels einer opti-
schen Detektorschnittstelle (4) in optischer Kommunikation mit dem Szintillatorelement (2) steht; wobei die Gam-
mastrahlungs-Detektionsvorrichtung (1) ferner mindestens eine reflektierende Schicht (10, 11, 12) aufweist;
wobei sich die mindestens eine reflektierende Schicht (10, 11, 12) mittels einem Luftspalt (9) in optischer Kommu-
nikation mit mindestens einem Teil von mindestens einer Oberflache des Szintillatorelements (2) befindet mittels,
die nicht die optische Detektorschnittstelle (4) ist.

Gammastrahlungs-Detektionsvorrichtung (1) nach Anspruch 5, wobei die mindestens eine reflektierende Schicht
eine erste diffus reflektierende Schicht (11) und eine zweite spiegelnd reflektierende Schicht (12) umfasst;

wobei die erste diffus reflektierende Schicht (11) ndher am Szintillatorelement (2) liegt als die zweite spiegelnd
reflektierende Schicht (12).

Gammastrahlungs-Detektionsvorrichtung (1) nach einem der Anspriiche 1 bis 4, wobei das Szintillatorelement (2)
eine porose Keramikstruktur aufweist.

Gammastrahlungs-Detektionsvorrichtung (1) nach Anspruch 1 oder 7, wobei das Szintillatorelement (2) aus min-
destens einer der folgenden Materialgruppen gebildet ist: Granate, Oxysulfide, oxidische Materialien.

Gammastrahlungs-Detektionsvorrichtung (1) nach einem der Anspriiche 1 bis 8, wobei der optische Detektor (3)
entweder ein Photomultiplier-Réhrendetektor (PMT) oder ein optischer Festkorper-Halbleiterdetektor ist.

Verfahren zur Herstellung eines Szintillatorelements (2) zur Verwendung in einer Gammastrahlungs-Detektions-
vorrichtung (1); wobei das Szintillatorelement (2) eine Vielzahl von Hohlrdumen (5) aufweist, die in dem Szintilla-
torelement (2) verteilt sind; wobei das Verfahren die folgenden Schritte umfasst:

Bereitstellung einer Suspension, die ein keramisches Material und polymere Einschliisse umfasst;

Bildung eines keramischen Korpers aus der Suspension;

und

Entfernung der polymeren Einschlisse aus dem Keramikkorper, indem der Keramikkdrper einer Warmebe-
handlung unterzogen wird, um ein pordses Szintillatorelement mit einer Keramikstruktur mit darin dispergierten
Hohlrdumen zu erzeugen, wobei der durchschnittliche Volumendurchmesser der Hohlrdume (5) im Bereich von
50 Nanometer bis 1000 Nanometer liegt.

PET- oder SPECT-Abbildungssystem mit einem Abbildungsbereich und mit einer Vielzahl von Gammastrahlungs-
Detektionsvorrichtungen (1) nach einem der Anspriiche 1 bis 9; wobei die Vielzahl von Gammastrahlungs-Detek-
tionsvorrichtungen (1) um den Abbildungsbereich herum angeordnet und dazu ausgelegt sind, Strahlungsquanten
aus dem Abbildungsbereich zu empfangen.

Verfahren zum Nachweis von Gammaphotonen, wobei das Verfahren die folgenden Schritte umfasst:

Empfangen mindestens eines Gammaphotons mit der Gammastrahlungs-Detektionsvorrichtung (1) nach An-
spruch 1; und

Erzeugung eines elektrischen Ausgangssignals vom optischen Detektor als Reaktion auf den Empfang min-
destens eines Gammaphotons.

Revendications

1.

Dispositif de détection du rayonnement gamma (1) comprenant :

un élément scintillateur (2) comportant une structure céramique ;
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un détecteur optique (3) en communication optique avec I'élément scintillateur (2) ;

une pluralité de particules ou de vides (5) dispersés dans I'élément scintillateur (2),

dans lequel un diamétre moyen en volume des particules ou des vides (5) est dans la plage comprise entre 50
nanomeétres et 1 000 nanomeétres, et

dans lequel les particules (5) sont les suivantes : des particules de Al,O5 et/ou des particules de SiO, et/ou
des particules de MgO,.

Dispositif de détection du rayonnement gamma (1) selon la revendication 1, dans lequel le rapport d’'un coefficient
de diffusion a un coefficient d’absorption dans I’élément scintillateur est dans la plage comprise entre 0,5 et 1 000.

Dispositif de détection du rayonnement gamma (1) selon la revendication 1, dans lequel I'élément scintillateur (2)
comporte un spectre d’émission optique caractéristique etle rapport d’'un indice de réfraction de I'élément scintillateur
(2) al'indice de réfraction des particules ou des vides (5) est supérieur a 1,2 a une longueur d’'onde dans le spectre
d’émission optique de I'élément scintillateur.

Dispositif de détection du rayonnement gamma (1) selon la revendication 1, dans lequel les vides (5) sont remplis :
d’un gaz ou de l'air ou d’un fluide.

Dispositif de détection du rayonnement gamma (1) selon la revendication 1, dans lequel le détecteur optique (3)
est en communication optique avec I'élément scintillateur (2) au moyen d’une interface optique de détecteur (4) ;
ledit dispositif de détection du rayonnement gamma (1) comprenant en outre au moins une couche réfléchissante
(10, 11,12);

dans lequel I'au moins une couche réfléchissante (10, 11, 12) est en communication optique au moyen d’'un entrefer
(9) avec au moins une partie d’au moins une surface de I'élément scintillateur (2) autre que l'interface optique de
détecteur (4).

Dispositif de détection du rayonnement gamma (1) selon la revendication 5, dans lequel 'au moins une couche
réfléchissante comprend une premiere couche réfléchissante diffuse (11) et une seconde couche réfléchissante
spéculaire (12) ;

dans lequel la premiére couche réfléchissante diffuse (11) est plus proche de I'élément scintillateur (2) que la
deuxiéme couche réfléchissante spéculaire (12) .

Dispositif de détection du rayonnement gamma (1) selon 'une quelconque des revendications 1 a 4, dans lequel
I'élément scintillateur (2) comporte une structure céramique poreuse.

Dispositif de détection du rayonnement gamma (1) selon la revendication 1 ou 7, dans lequel I'élément scintillateur
(2) est formé a partir de groupes de matieres suivants : des grenats et/ou des oxysulfures et/ou des matiéres
oxydiques.

Dispositif de détection du rayonnement gamma (1) selon 'une quelconque des revendications 1 a 8, dans lequel
le détecteur optique (3) est soit un détecteur a tube photomultiplicateur (PMT), soit un détecteur optique a semi-
conducteur solide.

Procédé de fabrication d’'un élément scintillateur (2) destiné a étre utilisé dans un dispositif de détection du rayon-
nement gamma (1) ; I'élément scintillateur (2) comportant une pluralité de vides (5) dispersés dans I'élément scin-
tillateur (2) ; ledit procédé comprenant les étapes suivantes :

la fourniture d’'une suspension concentrée comprenant une matiére céramique et des inclusions polymeéres ;
la formation d’un corps en céramique a partir de la suspension concentrée ; et

I'élimination des inclusions polyméres du corps en céramique par soumission du corps en céramique a un
traitement thermique pour fournir un élément scintillateur poreux comportant une structure en céramique dotée
des vides dispersés dans ladite structure, dans lequel le diamétre moyen en volume des vides (5) est dans la
plage comprise entre 50 nanomeétres et 1 000 nanométres.

Systeme d’'imagerie PET ou SPECT comportant une zone d’'imagerie et comprenant une pluralité de dispositifs de
détection du rayonnement gamma (1) selon I'une quelconque des revendications 1a 9 ;

dans lequel la pluralité de dispositifs de détection du rayonnement gamma (1) sont disposés autour de la zone
d’'imagerie et congus pour recevoir des quanta de rayonnement de la zone d’imagerie.

12
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12. Procédé de détection des photons gamma ; ledit procédé comprenant les étapes suivantes :
la réception d’au moins un photon gamma a I'aide du dispositif de détection du rayonnement gamma (1) selon

la revendication 1 ; et
la génération d’'une sortie électrique a partir du détecteur optique en réponse a la réception d’au moins un
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photon gamma.
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FIG. 3
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FIG. 4
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